Abstract Vegetation structure in semi-arid regions of northern Mexico and the southwestern USA has changed dramatically over the last century; shrubs such as mesquite (Prosopis sp.) have expanded into, and have become dominant in, ecosystems that once supported semi-arid grassland. The upper San Pedro River watershed, which extends from northern Sonora (Mexico) to southeastern Arizona (USA), highlights these changes. Between 1973 and 1992, grasslands decreased by 18% and the total area dominated by mesquite increased during the same period by 412%. In the areas where the density of mesquite shrub is medium to high, grass has completely disappeared under the shrub canopy and has been replaced by bare soil. Undoubtedly these cover changes have affected surface-atmosphere interactions by introducing a different partitioning of net available energy into sensible and latent heat flux. At the same time, different root system and root density and plant physiology have introduced a change to the surface water balance, reducing inflitration and increasing runoff. Our study addressed the sources of water used by mesquite (Prosopis velutina) along a natural gradient from an area of high mesquite cover with no herbaceous grass cover, to open savanna with high grass cover and widely spaced mesquite. The presented results from the SALSA 1997 monsoon-season campaign (July-October) show that mesquite shrubs that have access to both groundwater and surface water use surface water when available, potentially competing with grass for surface water and out-competing grass during successive periods of drought when only groundwater is available.
INTRODUCTION
Semi-arid grasslands of southwestern North America have been greatly altered over the last century. Fire suppression, grazing by domestic livestock, rising CO 2 levels, and changes in climate have been invoked to explain expansion of woody species such as mesquite into areas that once supported grassland (Brown & Archer, 1987; Archer et al., 1988; Schlesinger et al., 1990; Polly et al., 1994; McPherson, 1997) . It is clear that conversion of grassland to woodland has profoundly altered the nature of surface-atmosphere interactions in this region. Evapotranspiration of semiarid grassland is greater than in shrubland or bare soil (Cable, 1980) so there is greater cooling of the ground in grasslands by the loss of latent heat. As grasslands are replaced by shrubland and a greater part of the ground becomes bare, soil surface and air temperature increase, even though the albedo of exposed desert soil is greater (Idso et al., 1975; Balling, 1988) . Higher surface temperatures create a higher sensible heat flux and induce thermal circulation of the atmosphere while decreasing relative humidity and precipitation.
In the upper San Pedro River basin straddling Sonora (Mexico) and Arizona (USA), where our research is currently underway, grasslands decreased by 18% and mesquite (Prosopis velutina, Wooton & Standley, 1915 ) cover increased by 412% over a relatively short period between 1973 and 1992. Mesquite is a phreatophytic shrub species able to utilize deep water sources. As such, the proportion of this shrub has considerably increased. Our study addressed sources of water used by mesquite along a mesoscale topo-edaphic and vegetation-structure gradient that typifies conditions that have staged large-scale mesquite conversion in the region. Specifically, we contrast sources of water transpired by mesquite in an area that has been recently converted to woodland to that of an adjacent area that has resisted this conversion. Our intent was to determine sources of water used by the mesquite shrubs in an attempt to find out if they could compete for water with grasses.
Stable isotopes of water ( 18 O) were used to determine the possible origins of water used by the mesquite over the growing season. Stable isotopes of water are now widely used in studies of water transport in the soil-vegetation-atmosphere continuum (Brunel et al., 1991; Dawson & Ehleringer, 1991; Flanagan & Ehleringer, 1991; Walker & Richardson, 1991; Ehleringer & Dawson, 1992; Thorburn et al., 1992; Mensforth et al., 1994; Dawson & Pate, 1996) . The seasonal distribution of precipitation in the upper San Pedro watershed is bimodal. Summer monsoon precipitation falling between July and September (average 250 mm) provides approx. 60% of the annual precipitation input (Green & Sellers, 1964) . Winter storms from the Pacific provide the balance of annual precipitation, but the area experiences periods of very little rainfall during late spring and early summer. This study focused on water sources of mesquite during the premonsoon drought (June) and summer rainy period from July to October. Dates of sampling were determined according to those of rainfall. The study was part of the Semi-Arid Land-SurfaceAtmosphere (SALSA) programme field campaign in 1998.
HISTORICAL BACKGROUND
In the 1880s, changes in vegetation cover and plant species distribution started to be observed at many places in the southwestern USA, the main change being the slow invasion of the extensive natural grasslands by a shrub species, the mesquite (Prosopis sp.). In 1857, Stacy (1928) reporting about his journey in the Jornada Plain, today covered with dense mesquite, wrote: "...The whole extent as far as vision reached ahead, was a level plain covered thickly with the most luxurious grass, …Hundred and hundred of thousands of acres, containing the greatest abundance of the finest grass in the world…". This phenomenon, which never slowed its pace, has been the subject of much speculation and hundreds of investigations, experiences and publications over the last century. From an extensive review of the literature, one could infer two possible origins of this phenomenon: the consequence of the introduction of cattle and possible overgrazing, or the effect of some climate patterns. Yet neither of these two possible reasons has been clearly and formally identified as the one responsible for the invasion.
One fact unanimously accepted is that the cattle have certainly contributed to the dissemination of mesquite seeds on a large scale. Results from field experiences (Glendening & Paulsen, 1955) have shown that mesquite possesses a number of inherent characteristics that mark it as an aggressive invader (production of large quantities of highly viable seeds in fruits palatable for domestic livestock, impervious seed coats which can pass unchanged through animal digestion, rapid germination under a wide range of temperature, moisture and soil conditions). Nevertheless, these conditions do not seem sufficient to explain the success of the invasion. Could possible overgrazing by cattle have been responsible for the decrease in grass density and thus helped mesquite colonization and establishment to proceed? An historical objection (from Hastings & Turner, 1965) is that large-scale cattle raising in Sonora commenced two centuries before 1880 and there is no evidence that significant vegetation changes accompanied it. This seems to indicate that grazing in itself was not enough to initiate the change, furthermore, some vegetation changes have occurred where cattle were never present. Wright (1960) found that the spread of mesquite increased under complete protection, as well as under livestock use. This observation confirms the results from the 17 years of study of the Santa Rita Experimental Range (Arizona), which indicates that mesquite had increased more on protected plots than on those subject to grazing by livestock (Glendening, 1952) .
So one now has to consider the effects of some possible climatic events. Since late 19th century there are records of several periods of drought. Jardine & Forsling (1922) studied the effect of the 1916-1918 drought on grass production. From tree-ring studies, Schulman (1955) inferred the existence of a severe drought around 1921 in the southern Gila River basin, where the San Pedro and Santa Cruz are located. Records from the New Mexico State University weather station indicate that the 1947 to mid-1957 drought was the most severe ever recorded at that station (Lohmiller, 1963 , in Buffington & Herbel, 1965 . Schulman, reported by Humphrey (1958) in Buffington & Herbel (1965) , concluded that "the drought of the 1950s was the most severe experienced in the southwestern United States since the late 13th century".
SITE DESCRIPTION
The study area, in the upper San Pedro River basin, is near the small town of Cananea, Mexico (30°58′N, 119°17′W, elevation 1500 m). High alluvial fans that form the dominant habitat type of the upper watershed are surrounded by mountain peaks rising to between 2500 and 3000 m. Mean annual rainfall in the area is highly variable in space and time because of strong hydrographic gradients. Mean annual rainfall at Cananea on the broad alluvial fan near the study site is 507 mm with 67% of it falling between July and October during the summer monsoon season. This study was conducted along a 1-km transect from an area with dense mesquite (Prosopis velutina) canopy cover with bare soil (Site B) to a grassland (Bouteloua sp. and Aristida sp.) with widely-spaced trees (Site S). Rooting depth of the grasses did not exceed 30 cm. Site B (bottom) was situated at the bottom of a small alluvial terrace; Site S (Summit) was located on the top of the terrace, 20-30 m higher in elevation than Site B. The sampled mesquite trees were 3-5 m high and average tree density was 230/ha at Site S.
THEORY AND METHODS

Theory
Use of stable isotopes of water to determine the possible origins of water used by plants assumes that the isotopic composition of plant xylem water is the same as that of source water. Thus the isotopic composition of water in the plant should be a mixture of that of the different soil compartments from which the plant is deriving water. The methodology for using stable isotopes of water to determine water sources of vegetation relies upon a number of specific assumptions (after Brunel et al., 1995) : 1. there is no isotopic fractionation of water during extraction by the roots; 2. there is no significant change in the isotopic composition of sap water within the plant, except in the vicinity of the leaf; 3. no significant errors are associated with the sampling of isotopes, or in the extraction and analysis of water from plants and soil;
4. the isotopic composition of the soil water is laterally homogeneous within the rooting area; and 5. the time of sampling was such that time delays associated with transport of water through the plant are unimportant. All of the values for isotope composition are reported in delta notation (δ, ‰) relative to standard mean ocean water (SMOW) provided by the laboratory of the International Atomic Energy Agency (IAEA) in Vienna, Austria, where: 1000 sample
The lack of fractionation in the uptake of water by roots has been shown in laboratory and glasshouse experiments (Walker & Richardson, 1991; Thorburn et al., 1992) and under field conditions (Brunel et al., 1995) . The only exception demonstrated thus far is for halophytes such as mangrove (Lin & Sternberg, 1993) . Mixing of isotopically enriched water, presumably from leaves, with stem xylem water, has been observed in one field study involving alfalfa (Bariac et al., 1983) . However, such mixing has not been observed in studies with trees using the sampling procedure described below.
The total error involved in sampling, extraction, analysis and the other assumptions for the procedure used in this study appears to be less than 5‰ for 2 H and 1‰ for 18 O (Brunel et al., 1995) . If the natural variation of the isotopic composition in source waters is greater than this, then this technique is likely to be useful in determining sources of water used by trees. The sampling procedure for this field study involved a check of spatial heterogeneity of isotopic composition and, hence, of assumption 4 (on one occasion several trees were sampled at the same site at both sampling sites, differences in values at the same site were within ±1‰ 18 O). Assumption 5, that there is no significant time lag in travel of water within the plant, was tested in this experiment using sap flow velocity measurements at Site S (SALSA unpublished data).
Method
Tree sampling was carried out from July to October 1998 at two sites separated by 1 km. At each site, one tree was selected for sampling of stems. For each tree, two different branches were sampled to check for spatial variability of the isotopic composition of sap water within the selected trees. Stem sampling was undertaken once a month between 10:00 and 11:00 h, which corresponded to the time of daily maximum transpiration. The selected stems were 0.5-1.5 cm in diameter, and for each the bark was removed, in case it was in isotopic equilibrium with very isotopically depleted atmospheric water vapour (-100 to -120‰ for δ 2 H; SALSA unpublished data). Each stem was divided into pieces 2-3 cm in length and placed in a glass vial containing purified kerosene. Kerosene prevents isotopic exchange and prepares the sample for extraction by an azeotropic distillation (Walker & Richardson, 1991) . The rainfall of every rainfall event was collected 2 km from the study sites. Groundwater was sampled at 15 m depth from nearby pumping wells at the beginning and at the end of the study period. Rainfall and groundwater samples were stored in 25-ml glass vials hermetically sealed with paraffin. Samples were then analysed for 18 O composition using the Epstein-Mayeda CO 2 -H 2 O equilibration technique, as described by Taylor (1973) , and a Finnigan delta-S isotope ratio mass spectrometer at the University of Arizona, Tucson, Arizona, USA.
RESULTS AND DISCUSSION
In theory, the sources of water used by vegetation may be located at any depth between the soil surface and the water table. However, previous studies Brunel et al., 1991 Brunel et al., , 1997 carried out in arid and semi-arid regions, have shown that water was only available for the vegetation to use either from the very top soil layer (0-50 cm), directly derived from recent rainfall, or from the groundwater, which may often be very deep (40 m or more). At one of our field sites (Site S) the regional water table was quite deep, between 30 and 40 m. At Site B, its depth was probably between 5 and 10 m (information from the nearby mine pumping station). The δ 18 O value of this regional groundwater was between -9.4 and -8.6‰. According to the general relationship between monthly values of δ 18 O of precipitation and temperature (IAEA, 1981) , this water likely infiltrated at a temperature near 4°C. This result indicates that groundwater recharge occurred from winter precipitation, although more than 60% of annual rainfall occurs during monsoon events in this watershed. Averaged weighted δ 18 O composition for the monsoon rainfall was -3.1‰, individual values ranging from -5‰ to +1‰ between July and October 1998. Averaged weighted 18 O composition was calculated as follows:
18 O being the isotope composition of each P i rainfall. O of sap water in trees (-7‰ to 11‰) showed that they were predominantly using groundwater. We have no explanation why some sap water values were more negative than groundwater. One hypothesis would be that groundwater, which was sampled from the pumping station, could have been slightly enriched during the pumping process, or be a mixture with more enriched water, such as rainfall infiltrated some time ago. At Site S, δ
18
O of xylem water indicates that trees were using either groundwater, rainfall, or a mixture of these two water sources. The time series at Site S (Fig. 2) indicates that trees were using groundwater on day 240, 14 days after the most recent rainfall event, but trees switched to use of rainfall water on day 265 after a significant storm had occurred. The switch to surface soil water on day 265 was not apparent at Site B.
The δ
18 O values of the sap water of trees at Site S, when these were not using the groundwater, was close to that of the rainfall. There is no indication of isotopic fractionation by soil evaporation prior to infiltration, indicating very rapid rainfall infiltration to some depth within the top soil layer. This could easily be explained by the soil surface structure and the large amount of gravel and pebbles found on the soil surface layer at this site. Rainfall patterns, characterized by short-duration, high-intensity events typical of summer monsoon storms in the southwest of North America, generate intense runoff, and favour rapid infiltration over short time periods.
These results show that when mesquite has access to shallow groundwater, other sources of water are not exploited (as seen by Dawson & Pate, 1996) . With permanent access to groundwater, mesquite stands become dense with high canopy cover. When access to groundwater is more difficult, as is the case when the water table is 30 m deep or more, mesquite predominantly uses surface water from the growing season rainfall. In these habitats mesquite probably develops an extensive surface root system, which can compete actively with those of grassland, and possibly just a single tap root giving access to groundwater when needed. Functional variation related to the sources of water used by trees of semi-arid regions has likewise been observed: in Australia for eucalypts (Eucalyptus camadulensis) (Mensforth et al., 1994) and for phreatophytic plants (Dawson & Pate, 1996) ; in Niger for Guiera senegalensis (Brunel, 1995 (Brunel, , 1997 ; and in the American southwest for cottonwood (Populus) (Snyder et al., 1998) , boxelder (Kolb et al., 1997) , woody riparian phreatophytes (Busch et al., 1992) , pinyon and juniper (Flanagan et al., 1992) , and cold desert shrub community (Lin et al., 1996) .
CONCLUSION
Why was mesquite so successful in invading natural grassland of southern Arizona and north Mexico? The results of this study suggest that, once initiated, the invasion of natural grassland by mesquite shrubs is not likely to stop. A succession of droughts will probably kill the grass, but will not affect the mesquite species that can survive by using groundwater. During wet periods, the extensive surface root system of mesquite will probably prevent or limit reinstallation of grass species. In fact, such an explanation was hypothesised almost half a century ago (Parker & Martin, 1952) .
If the pace of change in surface cover can be estimated, then one could predict the change in surface-atmosphere interaction (modification of energy balance) and possible climate change. We hope that the results from our study have provided some explanation. These results also bring some explanation regarding what has been written in some historical reports, suggesting that the spread of mesquite has been lateral from drainage and riparian zones into upland prairies (Johnson, 1963; Archer et al., 1988) .
